The assessment of learning has become a key component in program evaluation, grant proposals, and education research. Assessment requires valid and reliable instruments. The Force and Motion Conceptual Evaluation ͑FMCE͒ is one of several multiple-choice tests used to evaluate the learning of force and motion concepts. Although many physics education researchers accept its validity and reliability, validity and reliability estimates based on typical statistical analyses of data have not been established. This study used FMCE post-test results for approximately 150 students in a first-semester college physics course to estimate reliability and content validity. The results indicate that the FMCE is a valuable instrument for measuring student learning.
I. INTRODUCTION
Quality assessment is an essential part of best practices for teaching and learning. 1 Requests for grant proposals increasingly call for "evidence based" program designs that include student performance measures. 2 Program assessment has become a frequent request from higher education administrations.
3, 4 Margaret Spellings, the U.S. Secretary of Education, has called for accountability measures in higher education. 5 It is clear that educators must develop or use tools to address assessment and evaluation. 6 In physics education research ͑PER͒ assessment has focused on conceptual understanding or problem-solving performance. 7 Research on conceptual understanding has shown that science topics where students' preinstructional conceptions are deeply rooted in daily life experiences are especially difficult to change. 8 Such is the case with physics, especially in the area of force and motion. 9 Several instruments have been created to evaluate the understanding of these concepts including the Force Concept Inventory ͑FCI͒ 10 and the Force and Motion Conceptual Evaluation ͑FMCE͒.
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II. BACKGROUND AND PREVIOUS WORK
A. The force and motion conceptual evaluation
The FMCE was derived from earlier free response questions about velocity, acceleration, and force at Tufts University. [11] [12] [13] [14] [15] The FMCE is a multiple-choice test that consists of 47 questions with a choice of five to nine answers each. The questions use graphical representations and natural language ͑story problem͒ contexts. The natural language questions do not involve any coordinate system references and do not explicitly describe the force which is acting. 12 The FMCE was developed for a number of reasons. 11 Multiple-choice questions take less class time, and less effort is involved in analyzing large samples. More importantly, the evaluation of the FMCE is less subjective than the earlier open response questionnaire. 11 Selections from the FMCE have been used in several similar studies to measure students' conceptual understanding of force and/or motion, [11] [12] [13] [14] [15] [16] [17] typically with a pre and post-test research design to investigate improved learning via a positive gain in correct answers. These studies and others, such as Yeo, 18 cite the evidence of Thornton and Sokoloff 12 regarding reliability and validity of the FMCE. However, the validity and reliability of assessment tools like the FMCE and FCI should be formally established using the accepted definitions of these terms and statistical analyses.
B. Validity and reliability of the FMCE instrument
The validity of a test is the degree to which a test measures what it is intended to measure. 19 In education research the typical types of evidence include face validity, concurrent validity, and construct validity. Face validity is the least accurate method for determining validity and is based upon students' views of whether or not the test is measuring what it has been purported to measure. To strengthen this type of validity measure, content experts, opposed to students, determine the validity. This is called expert judge validity. Concurrent validity involves correlating a test with one that already has established validity. Finally, the most accurate estimate of validity, yet the most difficult to establish, is construct validity. 19, 20 This study establishes the construct validity of the FMCE using confirmatory factor analysis. Factor analysis is a statistical data reduction technique that groups data based upon correlation. Confirmatory factor analysis is used to establish construct validity by establishing that the factor structure matches the theoretical framework of the test thus confirming that the test measures the topics it purports to measure. If a test is valid, it must also be reliable. The converse is not necessarily true. [19] [20] [21] The reliability of a test is defined as the consistency of the measure. 19 Estimates of reliability indicate the extent to which a measurement is consistent and reproducible. 20 Reliability estimates range from 0 ͑completely inconsistent͒ to 1 ͑completely consistent͒. If the influence of chance factors is slight, a test is deemed to be highly reliable. 21 Typically, a reliability estimate of 0.9 or higher is necessary before a test is considered reliable. The Cronbach alpha is a typical statistical measure of internal consistency that is used to estimate the reliability of an instrument. 20 Thornton and Sokoloff's 12 study and earlier studies by Thornton 11, 14 do not establish the reliability and validity of the FMCE using the types of statistical methods described here. Instead, they offer evidence of reliability such as students appear to give "almost no random answers," 11 and guessing requires students to select from up to nine answers. 12 However, guessing is only one aspect of the consistency of a measurement and does not completely constitute reliability. 21 In addition, the validity of the FMCE is supported by explanations such as 95% of students interviewed gave verbal explanations of velocity and acceleration which were consistent with their earlier graph choices on the FMCE. 11 Although such statements are consistent with the validity and reliability of the FMCE, much stronger support can be found using statistical analyses such as those described above.
Such a study was performed by Ramlo 22, 23 with students in an inquiry-based, first semester, algebra-based physics course. However, these results may have been limited by small sample size, with a maximum of 58 participants. These results indicated that the FMCE was both valid and reliable. Reliability was estimated using Cronbach alpha and was high for the post-test with an estimate of 0.91 for the 58 participant study. 23 Further analyses included estimating the validity via expert judge validity. 19 The small number of students ͑sample size͒ in the previous study may have been an issue for the confirmatory factor analysis used to support the expert validity findings. Cattell 24 has recommended a minimum ratio for sample size to the number of variables ͑for example, test items͒ of three to six when performing factor analysis. For the 47 FMCE questions a factor analysis would require a sample size of at least 141. The sample size study reported in this paper is 146. A recent study noted in Ref. 25 using empirical evidence and simulation data found that minimum sample sizes appear to be smaller for studies with higher ratios of number of variables to number of factors. 25 For example, if a test with a large number of items ͑47͒ turns out to probe a reasonably small number of concepts, a sample size of much less than 141 could lead to the same or similar factor structure. This is relevant to the earlier Ramlo studies which had a relatively small sample size of 58. The present study could therefore contribute further support for the results of Ref. 25 as well as establish estimates for the FMCE's reliability and validity. Like the earlier Ramlo studies, this investigation uses Cronbach alpha for estimating the reliability and confirmatory factor analysis for estimating the content validity of the FMCE.
III. METHODS
To analyze the FMCE, student answers were scored as either correct ͑1͒ or incorrect ͑0͒. This scoring allowed us to use Cronbach alpha to estimate the reliability and confirmatory factor analysis to investigate the FMCE's content validity. Factor analysis allows us to determine and interpret the different dimensions ͑factors͒ of a set of measures via groups of correlated items ͑which are the individual FMCE questions in this study͒. Confirmatory factor analysis enabled us to evaluate the factor structure 26 compared to the concepts of force and motion. In addition, exploratory factor analysis was used to compare the FMCE factor structure at pretest and at post-test.
An R-factor analysis was conducted using the principal components method with Varimax rotation. R-factor analysis uses a data set where the columns are variables and the rows are participants. 19 Varimax is an orthogonal factor rotation method and is the most frequently used rotation method. 26 In addition, the factor analysis was run with ones in the matrix diagonal which is called principal components analysis. 26 An initial eigenvalue cutoff of one and a Scree test were used to determine when to stop factoring. The Scree test is a graphical method to determine the eigenvalue cutoff by indicating the number of factors that exist. 26 In this study, Scree plots for the pretest and post-test data led to eigenvalue cutoffs of 2.5 for both pretest and post-test. Only FMCE questions with factor correlations of 0.33 or higher on one factor were assigned to factors as shown in Table II . For further information regarding factor analysis, see Stevens. 26 Factor analysis and Cronbach alpha were run on both pretest and post-test data even though we expected that the pretest data would not be suitable for estimating the FMCE's validity and reliability due to the variety of misconceptions held by students before instruction. 15, 27 
IV. DEMOGRAPHICS
Although the FMCE has been used in studies of middle school, high school, college, and university students, [11] [12] [13] [14] [15] 17 this study was on college students. Only students who completed the FMCE pre and post test along with a demographic information sheet and signed consent form were included in the study. The pretest and demographic information were completed in the first week of the semester. All students took the post-test by the last week of the semester. All the students were engineering technology majors enrolled in the first semester of technical physics. The classes are relatively small with a maximum of 25 students per section. About five sections are offered each academic year, fall and spring semesters. This study consisted of 146 students who completed the course between fall 2002 and fall 2005.
Only 5% of the students who complete this course are female. The literature 28, 29 indicates a need to consider male and female students separately because of gender differences related to conceptual understanding. Therefore, only males were included in the analyses in this study. The mean age Table I 0  2  1  1 6  2  2  2  4  1  9  3  2  1  0  4  7  Total  questions  in factors   17  3  6  6  32 was 22.6 years. Forty-three percent of the students had taken a prior physics course in high school or college. The mean FMCE score at pretest was 8 correct questions with a standard deviation of 4. At post test, the mean FMCE score was 17 correct questions with a standard deviation of 9.
V. RESULTS OF THE STUDY
The FMCE pretest reliability estimate was 0.742 and the post-test reliability estimate was 0.907. In addition, the Pearson r correlation coefficient, which is the square root of the r 2 associated with linear regression measures, between the FMCE pretest and post-test scores was 0.46. This correlation is significant at the 0.01 level. Prior physics experience and the FMCE pretest score were significantly correlated at the 0.01 level with a Pearson r correlation coefficient of 0.28. The FMCE post-test score was not significantly correlated with prior physics experience; the Pearson r correlation coefficient for these two variables was very low at 0.09. As indicated earlier, factor analysis is a data reduction technique that groups items that are correlated, based upon students' correct and incorrect answers. How these items are grouped together, into factors, represents the factor structure of the test. The factor structures of the FMCE pretest and post-test differed. The pretest factor structure consisted of three factors. Thirty-two of the 47 questions ͑68%͒ are represented by one of the three factors for the FMCE pretest. The remaining 15 questions were either represented by more than one factor ͑e.g., with values on more than one factor at 0.33 or greater͒ or were not represented by any of the three factors in that their factor values were all less than 0.33. No test questions had either 100% correct or incorrect responses at pretest. As shown in Table I , at pretest each factor contained a mix of different concept-type questions, and specific types of concepts were distributed among more than one factor. Thus, the FMCE pretest factor structure was undefined. The implications of the pretest factor structure are considered in Sec. VI. The FMCE post-test factor structure is much more defined as far as the grouping of items on each of the three factors. The factor correlations for each question, along with test item descriptions, are given in Table II . The target concept for each question is also given in Table II . These concepts were determined by an earlier expert validity analysis. 22, 23 Thirty-nine of the 47 test items ͑83%͒ were represented by only one factor. The remaining eight questions were not defined by a factor because they either had values of 0.33 or greater on more than one factor or they did not have values on any factor of 0.33 or greater. Like the pretest, no questions had zero variance.
A summary of the question distribution across the three factors is given in Table III . The questions defined by factor 1 represent only Newton's first or second law, including acceleration specific questions. The FMCE has 29 questions related to Newton's first and second laws of motion. Of these 29 questions, 21 are represented by factor 1 ͑72%͒. Similarly, ten FMCE questions are associated with Newton's third law. Eight of these questions ͑80%͒ are represented by factor 2. Finally, eight out of the eight FMCE questions related to velocity are represented by factor 3. FMCE questions 33 and 37, which are related to Newton's third law concepts, also are associated with this third factor. These two questions were also represented by the pretest factor that contained velocity test items. 21 has reported that commercially distributed tests are expected to have a reliability estimate of at least 0.80 but preferably 0.90 or higher. Gall, Borg, and Gall 30 have stated that a test with a reliability estimate of 0.80 or higher is sufficiently reliable for most research purposes. Therefore, the reliability estimate of 0.91 at post test means that the FMCE has strong reliability at a level suitable for a variety of assessment purposes, including research and program assessment. Although the reliability was lower at pretest, 0.74, this was expected because the test occurred before any instruction. Recall that reliability is a measure of internal consistency. 19 At the pretest, students have their own unique perspectives of force and motion because of their real-world experiences. 8, 15, 27, 31 This mixture of unique perspectives implies that there is little consistency among the students' pretest answers. Therefore, the estimates of internal consistency ͑reliability͒ are lower for the FMCE at pretest. The post-test results are the most important and indicate the high reliability of the FMCE.
VI. DISCUSSION OF RESULTS
Nunnally
The FMCE factor structure at pretest is undefined, with a mixture of different concept-type questions represented by two of the three factors. Like the pretest Cronbach alpha results, the FMCE pretest factor structure indicates that students hold a mixture of preconceptions before instruction. 15, 27 Recall that 43% of the students in this study had prior physics course experience. Thus, the pretest results for factor structure and reliability may have additional implications for post-test results in future studies, especially those that do not include inquiry experiences for the population of interest or longitudinal studies related to conceptual understanding of force and motion.
The post-test factor structure represents the FMCE's strong content validity. The post-test structure, unlike the pretest factor structure, is remarkable in its confirmation of the earlier expert validity and confirmatory factor analysis results. 22, 23 The FMCE post-test structure consists of three factors, each of which represents a unique concept or set of related concepts. The first factor was named "Newton's first and second law, including acceleration." Each of the questions represented by this factor involve objects speeding up, slowing down, or having a constant velocity, whether the question asks about force or acceleration. The second factor, "Newton's third law," also contains force related questions, but only those that are associated with Newton's third law. These questions involve action and reaction forces in a variety of situations. The third factor contains all FMCE questions related to velocity concepts and was named the "velocity concept" factor. This factor was the only one which contained questions ͑No. 33 and No. 37͒ outside of the types of concepts represented by a factor. Interestingly, both of these Total  questions on  factor   1  1 8  0  3  0  2 1  2  0  8  0  0  8  3  0  2  0  8  1 0  Total  questions  in factors   18  10  3  8  39 questions, representing Newton's third law, also had relatively high correlations on the "Newton's third law" factor ͑near 0.30 for each͒. Note that the post-test factor structure found here is very similar to that reported by Ramlo 22, 23 with a sample size of about one-third that was used in this study. In addition, these earlier studies found similar reliability estimates.
The content validity of the FMCE further supports the reliability estimate for the FMCE and ensures that the FMCE is reliable both at pretest and post test. Thus we conclude that the statistical properties of the FMCE designate it as a good estimate of student understanding of force and motion and, therefore a valuable instrument for research and program assessment related to the understanding of force and motion concepts.
Specific questions can be selected from the FMCE to evaluate specific concept areas of force and motion. In other words, a researcher could use just those questions from factor 1 to evaluate student understanding of Newton's first and second laws. Similarly, a selection of questions from one of the FMCE factors could be used as concept questions in classrooms using personal response systems. 32 Most importantly, this study establishes the FMCE as a valid and reliable tool well suited for a variety of assessment purposes, especially for male populations. Similar validity and reliability analyses of the FMCE should be done for female students because of gender differences related to conceptual understanding. 28, 29 A homogeneous sample ͑for example, all male͒ was not part of the validity study of the FCI performed by Huffman and Heller, 33, 34 and may have affected the factor analysis results discussed in that study. ͑All researchers are obligated to make logical decisions in contrast to those not based on mechanical considerations alone. 35 ͒ Such logical decisions include decisions within studies using factor analysis to establish an instrument's validity as described in Ref. 36 . Reconsideration of the FCI's factor structure with an all male population after inquiry-based investigations of force and motion concepts and a Scree plot to establish when to stop factoring is warranted. 
